\iVe show statistical measurements of single molecule-metal contacts using the mechanically controllable break junction technique. The measurements are carried out in a solvent, in order to allow in sit'U binding of the molecules to the metallic contacts during the measurements. Statistics is gatllered by opening and closing the junctions repeatedly and recording current-voltage characteristics at various stages of the opening and closing curves. By modeling the data with a single level model we can extract parameters such as t he position of the molecular energy level, which carries the current, and the coupling between the metal and the moleeule. In first experiments we use this method to characterize different anchoring groups, which mediate the mechanical and electrical coupling between the metallic electrodes and the molecules. We use tolane molecules, wh ich are structurally simple, as model systems for this purpose.
Introduction
The central topic of molecular electronics is the development of stable structures, which can conduct electrical charges in a controlled way. Ideally, such a structure is given by a single molecule that is connected to two macroscopic, conducting leads. Experimentally, this approach turns out to be difficult to realize. A large number of contacting techniques has been investigated in order to find a device structure, which provides a reliable, mechanically stable contact with a large conductance [1] [2] [3] (for simplicity we call these contacts stable and transparent). Mechanically controllable break junctions (MCBJ) have been used for producing contacts to molecular structures since the very early years of molecular electronics [4] . The technique could be improved in later years until it was shown that single molecule-metal contacts could be produced in vacuum at room temperature [5] [6] [7] and at low temperature [8] . The main drawback of this technique is given by the fact that the molecule-metal contact is formed ex situ, by applying a drop let of the molecular solution before opening the MCBJ. The formation of a molecular junction therefore re lies on the migration of the molecules towards the center of the molecular wire and the binding of the molecules at the tips of the wires. The exact structure of the molecules in vacuum is generally not known, because all standard characterization tools for molecular structures work on molecules in a solvent 01' in self-assembled monolayel's (SAMs) [9] . We thus developed a technique to characterize the molecules in a solvent.
Here we report characterization of short organic tolane molecules, which are attached to the gold electrodes via different anchoring groups. In order to verify that the observed characteristics do not stem from artefacts arising from metallic nanocontacts in solution, we first characterize the behavior of purely metallic contacts. Comparison with contacts, which are opened and closed in a mole cular solution, shows clearly the influence of the molecules.
The results of single current-voltage curves (I-V curves) are compared to a single level model, which allows us to extract the coupling of the molecules to the electrodes and the position of the energy level, which contributes to the current [10] .
Experimental methods
The strength of the MCBJ technique in liquid environments is its potential to study a large number of mole cular junctions by repeatedly opening and closing a metallic junction in a molecular solvent. The presence of the molecules in this solvent provides fresh molecules, once a new metallic contact is opened. This allows us to gather a la~ge number of data on a specific molecular species.
The measurement setup is shown in Fig. 1 . The MCBJ is defined on a flexible substrate and placed in a mechanism that enables bending the substrate in a very controlled way. At the center of the substrate we defined a smalI , free-standing gold bridge (100 nm wide and 2 J.1m long) using electron beam lithography and dry etching. Upon bending of the substrate the bridge is opened (410) slowly and a single atom contact is formed [11] . Further opening leads to a tunneling contact between two atomically sharp tips. A pipette is filled with a molecular solution (see rable for concentration) or a pure solvent and positioned at the center of the substrate on top of the lithographically defined metallic constriction. The substrate is then bent, and the gold bridge is opened in the solution. 
Pure solvents
The first characterization of the electrode samples is performed in the pure solvent, in order to exc1ude artefacts coming from transport through the solvent. We re cord the conductance as a function of the position of the pushing rod, which is bending the sample. The current between two metallic electrodes decays exponentially with increasing distance in a nonpolar solvent [12] . Thus, the behavior of tunneling contacts in vacuum and in solvent are qualitatively similar. The shape of I -V curves measured in a solvent, however, shows so me deviation from the behavior which is known from vacuum conditions. At very low currents (below 10 pA) we observe hysteretic behavior which is most likely caused by electrochemical effects. Since the current level in molecular junctions is 5 to 6 orders of magnitude larger, measurements on the molecules are not perturbed by this contribution.
Characterization 0/ moleeules
Opening and c10sing curves in a moleculaI' solvent show steps in the regime of G « Go, typically around 411 G = 10-3 to 1O-4 G o for the tolane molecules characterized in our experiments. Measurements of I -V curves in this conductance range result in a curve shape differing c1early from the hysteretic behavior observed for pure solvent. We can group the I -V curves into three sets, depending on the conductance range in which they are measured and on the shape of the I -V Curve. At high conductance (G > 1O - 2 A typical example of such curves is shown in Fig. 2 . For some of these curves the absolute va,lue of the current is symmetrie with respect to Vsd = 0 (as shown in Fig. 2 ), while others showasymmetries of various orders of magnitude. In order to explain the shape of the I -V curves, which has been observed in a larger number of experiments on molecular structures to date, we use a model that takes the contribution of a single molecular energy level to the current through the junction into account. This model will be described in the following section. At very low conductance values (G < 1 x 1O-5 G o ) we again observe tunneling with a linear shape of the I -V curves, but at much lower currents.
Single level model
We assurne that only one molecular orbital takes part in the electronic conduction through the molecular junction. This orbital can be either the highest occupied molecular orbital (HOMO) 01' the lowest unoccupied molecular orbital (LUMO) . The orbital, which lies in energy c10sest to the Fermi energy of gold (E F ) conducts electrons through the molecule. The relative position of the energy of this orbital with respect to the Fermi energy of the metal (E o ) and the coupling of the molecular state to the electrodes, rL,R, determine the magnitude of the current. When the molecules are brought into contact with the electrodes, the strength of the coupling between molecule and met al causes a shift of the molecular energy and a broadening of the molecular energy level. Thus both the value of E o and the width of this orbital depend on r. The current through the molecule can be separated in a current to the left electrode I Land a current to the right electrode h. They are given by
Here, Na is the occupation number of the molecular state out of equilibrium, and fL,R are the Fermi functions at the left and right electrode, respectively. A stationary current requires h = IR, thus we find
Coupling of the molecular level to the metallic leads causes a broadening of the level which leads, according to Breit and Wigner [13] , to a density of states given by
and Eq. (3) is changed to
The difference in the Fermi energies fL -JR, which is caused by application of a source-drain bias 11"d across the junction, drives the current through the molecule.
Thus, we can evaluate Eq. (5) for different values of 11"d
and obtain an I -V curve. The result is shown in Fig. 3 for different values of rand E a .
For the symmetric case, r = r L = TR, the I -V curves have a nonlinear shape, which resembles closely the shape shown in Fig. 2a . The amplitude of the current depends on both the values of rand of E a , as can be seen in Fig. 3a and b, respectively. An increasing value of r leads to an increase in the coupling between metal and molecule and in the broadening of the energy level. Thus the current value rises and the nonlinearity of the I-V curve becomes less pronounced towards larger values of T. A decrease in the value of E a is equivalent to a closer alignment of the molecularenergy level and the Fermi energy of the contacting metal E F . As long as E a « eV max /2, where V max is the maximum sour ce drain bias, which can be applied to the junction without destroying it, the shape of the I-V curve does not change and the current rises with decreasing E a . Once the energy supplied by the source-drain bias and E a are on a comparable scale, the junction approaches resonant tunneling. Close to the resonance condition the conductance rises and decreases when the voltage is increased furt her. This maximum in conductance leads to a sharp increase of the current as a function of voltage before the resonance condition and to an almost constant value of the current at high er voltages. In a step-like behavior. From this we can conclude that we observe off-resonant tunneling through a single molecular energy level.
Experimentally, we find a large nu mb er of asymmetric curves, in which one polarity of the voltage leads to a larger conductance than the other, as shown in Fig. 2b . In order to explain such results we need to assume that the coupling to the two metallic electrodes is different, Le. FL =1= FR. In this scenario, the voltage drop across the linkers will be different on the two sides, as weil. Due to this coupling the molecular level will follow the electrode, to which it is coupled, stronger. The insets in Fig. 3c indicate this situation. Thus, E a is no longer independent of the voltage but given in the simplest assumption by r L -rR eV Ea(V) = E a + TL + rR 2' (6) This leads to a diode-like behavior, as shown in Fig. 3c . In our measurements we find a large number of such asymmetric curves, an example is shown in Fig. 2b . Fits to the single level work well for this set of measurements.
Choice of moleeules
It is clear that the coupling between molecules and metallic electrodes depends on the molecular anchoring group , which mediates the mechanical and electrical stability of the molecule inside the junction. We therefore measured molecules, which consist of an identical, simple central structure and are equipped with various anchoring groups. The structures of the molecules are shown in Fig. 4 . The basic molecule is 1,2-bisphenylethene (tolane) (BTT). BTT uses the commonly used thiol anchoring group. We use this molecule as a benchmark for the measurements in the other anchoring groups, because a large number of successful experiments have been reported based on molecules, which link to gold electrodes using this special chemistry [3 , 5, 14) . On the other hand , nitrogen is known to react with gold surfaces. This intel'action can lead to a strong bin ding of molecules to surfaces, if there are free electrons available at the junction. This scenario has been confirmed using scanning tunneling microscope (STM) breakjunctions and amino terminated molecules [1 5). 
4,4'-BCT:
In our measurements, we compare a nitro group, in which the nitrogen is coordinated to two oxygen atoms (BNT), and a cyano group, where the nitrogen is connected via a tripie bond to the neighboring C-atom (BCT). We expect good coupling for the nitro group, but rat her poor coupling for the cyano groups. Figure 5 shows typical results for measurements of I -V curves on BTT in a conductance range, in which plateaus in the opening and closing curves (see Sect. 2.2) are observed. This set of I-V curves is characteristic for measurements on all three measured molecular species. It can be seen that experimental results for a single I -V curve vary by a large degree even for the same molecule. Therefore, we cannot draw any meaningful conclusion from a single I-V curve and use statistical evaluation of a large number of measured junctions in order to analyze differences between the molecules. For this purpose we classify all measured I-V curves into the following categories:
Experimental results
Symmetrie. These I-V curves resemble t he curve shape, which is shown in Fig. 2a and can be modelIed using the single level model with symmetric coupling.
Asymmetrie. These I -V curves resemble the curve shape, which is shown in Fig. 2b and can be modelIed using the single level model with asymmetric coupling.
Linear. These I -V curves show a constant conductance. The most probable reason for this shape is direct 413 tunneling between t he metallic contacts or direct metallic contact.
Steps. Some curves show a stepwise increase of the current, which cannot easily be explained by molecular properties.
Kinks. In some measurements sud den rearrangements of the metallic contacts cause a stepwise increase or decrease of the conductance.
Jumps. These I-V curves are too difficult to categorize because the junctions were too unstable.
Of course, the transitions between the categories are in so me cases arbitrary, but a first characterization can be given by looking at the statistical distribution of the curves, as shown in Fig. 6 .
From this preliminary categorization we can already see that the majority of junctions measured on BTT shows symmetric s-shape behavior, while the majority for BCT is found to show jumps. For BNT ab out 30% of all junctions show either symmetric or asymmetric behavior and about 30% show jumps. This shows that the thiol anchoring group provides the most stable connection between metal and molecule, while the cyano group provides rather poor stability. Based on results known from literature and our own expectations as discussed in The situation for the nitro group is more complex. The large number of asymmetric curves gives some hint that the mechanical coupling for the nitro group is less reliable than for the thiol group. This then leads to a different coupling on the two sides of the moleeule and , as explained in Sect. 3, to asymmetrie curves.
We investigate the I -V curves in more det ail in order to understand details of the coupling between the metal and the moleeule. This is done by analyzing the symmetrie I-V curves only, because in this scenario the single level model can be used using two independent parameters only to describe the measured curves. We extract from all symmetrie s-shaped curves the values for r and E o and compare these values. In order to understand the role of the anchoring group on the conductance of the molecular junctions, we calculate the transmission T of each junction, which is given according to Landauer's formula (G = 2fT(E, V)lv=o) and Eq. (5) as
The transmission values for BTT range from T = 0.01
to T = 0.13, for BNT from T = 0.14 to T = 0.34 and for BCT from T = 2 X 10-7 to T = 4 X 10 -
5 . This wide range of transmission values shows that the infiuence of the various anchoring groups can be resolved by statistical evaluation of the parameters, which determine the transmission. We therefore plot E o and r as a function of T for the three molecules. The result is shown in Fig. 7 . The position of the molecular orbital with respect to the Fermi energy of the metals does not show a dependence on the transmission for all three molecular species. The coupling, however, shows a linear tendency for BTT and BCT, while there is no apparent dependence for BNT.
Discussion
Judging from the relative number of symmetrie I -V curves, we can conc1ude that the mechanical stability of the molecule-metal bond is indeed best for the thiol anchoring group. This can be expected from known results on SAM formation [9] and earlier studies in monomolecular junctions. The connection between the nitro group and the metallic electrodes is less reliable mechanically, as we conc1ude from the large number of asy~metri c curves. The mechanically least stable connection is the cyano group. Here the tripIe bond of the last nitrogen atom withdraws electron density from the connection and a stable connection is therefore not formed. This can be seen from the very low number of s-shaped I -V curves, which we find for this moleeule, and the comparably large number of unstable junctions.
Apart from the mechanical stability the Junctions need to show an electrical connection with a large transmission, if the anchoring groups should be considered as suitable linkers for molecular electronics. Judging from the design of the molecules we can expect that the weil conjugated backbone of the tolane molecules acts as a mole culaI' wire [16] . Therefore, a low overall transmission of the system is expected to be caused by the interplay of the molecule with the metallic electrodes via the anchoring groups.
In our experiments, we find the highest transmission for the nitro group, followed by the thiol grouPi the transmission of the cyano group is by far the lowest. The position of the molecular orbital in the case of the BCT varies between E o = 0.5 eV and E o = 0.8 eV, while it lies in between E o = 0.3 eV and E o = 0.6 eV for BTT and BNT. The value of E o is determined by the energetic position of the molecular orbital and by the charge transfer between metal and moleeule. For BCT, the offset between the energies in the connected state is larger than for the other two molecular species. This is caused by the weak coupling of the anchoring group (0.1 meV< r < 4 meV), which impedes electron transfer between metal and molecules. Thus, in the case of the cyano group, the poor mechanical stability and the low transmission of the junction lead to molecular junction with poor electric characteristics. The transmission in case of BTT is larger and the offset between molecular orbital and the Fermi energy of the metal is smaller. The coupling r is between 20 and 100 meV allowing for a more effective charge transfer between metal and molecule. We find a tendency that r increases linearly with the transmission T. From this behavior we can judge that a single molecular level transports current between the metallic electrodes. The exact value of the coupling rand the transmission T depends on geometrical details. Junctions with BNT molecules show an even larger transmission than BTT junctions. When looking at the dependence of r on the transmission T, however, we find no tendency as was the case for both BTT and BCT. This indicates that the conductance in BNT is more complicated than for the other two molecular species. A comparison with first principles transport calculations shows that most likely conductance in the BNT junctions occurs through more than one single molecular orbital [10] . Thus, the evaluation scheme as outlined above is not valid for the BNT molecules.
Conclusion
We have shown that, using the MCBJ technique, we can characterize the conductance behavior of single organic molecules in a liquid environment. We have tested tolane molecules with various anchoring groups. We see clear differences in the behavior of these an choring groups, which we can characterize by comparing the measured I -V curves with a single level model. Prom this comparison we understand that molecules, which are linked to gold electrodes via thiol anchoring groups, form mechanically stable junctions, which allow transport through single molecular orbitals with a high transmission. Thus, for the case of the molecules under study here, thiol anchoring groups appear to be the ideallinkers for further use in developing molecular electronics.
